INTRODUCTION
The use of non-conventional renewable energy sources is becoming increasingly important around the world, and particularly in Chile. Chilean legislation required that electricity companies gradually increase the volume of non-conventional renewable fuels, between 2010 and 2014 by 5 %; increasing by 0.5 % per year starting in 2015, reaching 10 % by 2024 (Ley 20257 2008) . Forest biomass is one source of non-conventional renewable energy in Chile with enormous potential to help reach this goal (Bertran and Morales 2008) . Forestry biomass can be obtained from the byproducts produced during tree harvesting and silvicultural activities (pruning and thinning), from removals of harvesting residues, and from wood transformation processes (i.e. lumber-and pulp-mills) residues, as well as directly from plantations established to produce biomass for energy generation.
Although an extensive surface area in Chile is covered by commercial stands of Pinus radiata D. Don and Eucalyptus spp., covering more than two million hectares (INFOR 2012) , their principal objective is to support the wood industry for international exports. However, the byproducts from harvesting, silvicultural activities and transformation processes are generally not available to the utility companies because they are used directly as energy by the forest companies. Thus, new sources of lignocellulosic biomass -to be used for bioenergy-are needed.
In a research project designed to find new non-conventional energy sources, trials were established in three locations in Biobío Region in Chile on sites varying in soil and climatic conditions. The experimental plots were established in August 2007 with the tree species Acacia melanoxylon R. Br., Eucalyptus camaldulensis Dehnh, Eucalyptus globulus Labill and Eucalyptus nitens (Deane et Maiden) at densities of 5,000, 7,500 and 10,000 trees per hectare. Eight months after establishment, the insect Ectinogonia buquetti Spinola (Coleoptera: Buprestidae) was detected in one of these trials, located in the inner valley of the Chilean Coastal Mountains feeding on the bark of branches and stems, and on the upper part of the seedlings of Eucalyptus camaldulensis (Valdebenito et al. 2009 ). The insect is distributed naturally between Santiago and Biobío Region (Moore 1994) . The presence of this native insect in plantations of exotic tree species in Chile was reported by Gara et al. (1980) for Pinus radiata and more recently by Piontelli et al. (2006) for Eucalyptus sp. Valdebenito et al. (2009) identified the insect and estimated the number of affected Eucalyptus camaldulensis individuals. Outbreaks of herbivorous insects are common in Eucalyptus spp. plantations and have been described as the main damaging pests of eucalypts including both native and introduced herbivore insects (Eyles et al. 2013) . Therefore, the aim of this article is to report the frequency and intensity of the damage produced by Ectinogonia buquetti, which were estimated by means of the measurement of a series of variables in the damaged plants, including the foliar surface affected in experimental plots with Eucalyptus camaldulensis. In short-rotation woody crops for energy production, the potential loss of productivity by unexpected insect attack may affect expected biomass yield, therefore to obtain better information on biotic risks to estimate productivity losses appears as necessary. Our hypothesis is that the magnitude of productivity loss for damaged trees will be directly related to foliage defoliation and reductions of leaf area, but this effect will also depend on stocking.
METHODS
Experimental design. The trial was located in the east Coastal Range piedmont in the north of Biobío Region in Chile (36° 17' S 72° 22' W), in an area previously occupied by a Pinus radiata plantation. The main objective of this trial was to develop protocols for biomass production intended for the generation of bioenergy from short rotation woody crops established at high densities. The site was planted during August 2007 with containerized 1:0 seedlings; the species Acacia melanoxylon, Eucalyptus camaldulensis and Eucalyptus globulus were established at densities of 5,000, 7,500 and 10,000 seedlings per hectare. The plots were fertilized with nitrogen, phosphorus and potassium (NPK) one month after planting; weed control was applied in November 2009. Soil is of granite origin and belongs to the order Alfisols (Carrasco et al. 1993) ; topography is flat to wavy. The climate is dry with annual precipitation not over 700 mm and temperatures which fluctuate between 0 and 32 ºC (DGAC 2013) . The experimental plots are surrounded by Pinus radiata plantations, same age as the experimental plantation, located close to a mature stand of Eucalyptus globulus and fragments of a deciduous-type native forest. Before establishing the trial, the area was completely cleared of harvesting residues. Before planting, the soil was subsoiled to a depth of 0.8 m and afterwards raked. The plantation was established following a randomized complete block design with three replicates. Each experimental unit had an area of 25×25 m with a central unit of 49 plants.
To evaluate the magnitude and intensity of the damage of Ectinogonia buquetti in Eucalyptus camaldulensis, in November 2009, the stump diameter (D in mm, measured at 10 cm from the soil surface), the height of the damage closest to the main stem base and the insertion height of each damaged branch located below the stem damage were recorded for each affected plant in each experimental unit. When damage was present in the branches, a total loss of foliage of each damaged branch was assumed. When ring-debarking was located on the stem, a total loss of foliage on the stem and on all the branches located above this point and the seedling apex was assumed. Based on these data, we estimated the total damage as the total lost leaf area (figure 1).
Leaf loss at tree level was evaluated based on the foliage total amount of a sample of undamaged trees randomly selected in each experimental unit, in which D, total tree height and length, number of leaves and insertion height for each branch were recorded. The leaf area for a sample of leaves was measured, differentiating between leaves coming from the stem and those from the branches. Using this information, the leaf area for each branch and the accumulated leaf area between branch insertion height and the apex in undamaged trees were modeled. Leaf area lost due to insect was estimated by fitting the following six relations: total seedling height -D (1), branch length -branch insertion height (2), number of leaves per branch -branch length (3), live crown height-D 2 × tree height (4), total foliar area-D 2 × height (5), and relative foliar area-relative height (6). All these relations were fitted using the NLIN procedure of SAS software (SAS Institute Inc 2009).
Total seedling height as a function of D was estimated by:
where H i is total tree height (cm) and D i is the stump diameter of the-ith tree; b 0 , b 1 and b 2 are regression parameters. Here, the parameter b 0 was restricted to estimating a height of 10 cm when the apex of the tree was zero because at that height D was zero. Additionally, since H -D relationship depends on stand density, the model (1) was fitted for each plantation density level. causing damage which can extend to large areas (E); F) damaged stem that later is broken by the wind; G): broken fallen branches on the ground.
Imágenes de E. buquetti y del daño causado en E. camaldulensis. A): pareja de insectos sobre el fuste, se muestra la diferencia de tamaño entre el macho y la hembra; B) insecto consumiendo el pecíolo de la hoja antes de su caída (C); D) insecto alimentándose de la corteza del fuste, y causando daños que se puede extender a áreas grandes (E); F) daño a fuste que más tarde es quebrado por acción mecánica del viento; G): ramas quebradas sobre la superficie del suelo.
The length of each branch was estimated as a function of the relative height at branch insertion into the stem by:
[2] where L branch j and H branch j correspond to the length and height at which the j-th branch is inserted into the stem, respectively; b 0 , b 1 , b 2 , b 3 and b 4 are parameters to be estimated in the regression model.
The number of leaves on each branch was determined as a function of branch length by: [3] where N leaves j is the number of leaves estimated for the j-th branch in the i-th tree; b 1 and b 2 are regression parameters.
The height of the living crown of each tree h crown i was estimated by: [4] and the total foliar area for each tree by:
The foliar surface area accumulated between the apex of the tree and a particular height along the stem was estimated by: [6] where S foliar i / S total foliar i was the ratio of foliar area accumulated between the height of the branch h branch j and the top of the plant on the i-th tree.
These equations were used to determine the foliar area lost due to damage caused by the insect, in a sequence that depended on the type of damage to be analyzed. There were two different estimation sequences, one for individual branches and the other for damage caused on the stem. In both, in the first step the total tree height was estimated from the measured D (equation 1). To estimate the damage on one individual branch, the branch length was estimated as a function of the height of its insertion into the stem (equation 2), subsequently the number of leaves was estimated as a function of the length (equation 3), and finally the surface area was estimated as the product between the number of leaves and the average foliar area per leaf. To estimate the foliage loss due to stem damage, we estimated the live crown height (equation 4) and the tree total foliage area (equation 5), and finally we estimated total foliage area lost between the height of the damage and the tree apex (equation 6).
Data analyses. Data were analyzed as a complete randomized blocks design, where the three stand density levels were considered as treatments. Tukey's test was applied when necessary. The average foliar area lost per tree, attack frequency and intensity of the damage, as measured by the total foliar surface with damage in relation to total foliar surface per experimental unit, were analyzed. Since foliar area and
attack frequency were expressed as percentages, they were normalized using the arcsine transformation (Zar 2010 ). The probable Block-density interaction was evaluated using the additive test of Tukey. The hypothesis associated to the test assumes that the Block-density effect is additive, i.e. there is no interaction between the two factors (H 0 : λ = 0).
RESULTS
There was an inverse relationship between damage frequency and stocking. At lower stockings a higher frequency attack was observed on experimental units (tables 1 and 2). Therefore, with 5,000 plants per hectare, on average more than 65 % of the trees presented damage, a frequency that is significantly higher than those values found at the other two density levels (p(F) = 0.0117). However, the role of plantation density on total foliar area loss was not completely clear. Even though the average percentage of foliar area loss per tree follows the same tendency of an inverse relation with density (i.e. higher damage at a lower plantation density), and varies between 25 % and 18 % for the lower and higher plantation density levels, respectively. The difference between densities was not significant due to the large variability of damage among trees within each experimental unit. Although, until the present time the role of plantation density is not clear, apparently there exists a direct relation between the average damage per tree and the attack frequency at the experimental unit level, and both are inversely related to plantation density. The role that plantation density will play once intra-specific competition begins on the site is unknown. At high densities, the tree stress level will increase, though it is unknown what effects this will produce on insect behavior.
At the experimental unit level, the proportion of foliar area damaged showed the same inverse relation with plantation density as that observed at tree level, i.e. higher plantation density had lower levels of foliar area loss. P(F): observed probability associated with each factor (*: indicates the effects are significant). P(λ): probability associated with the additive test of Tukey. Different letters in each column indicate significant differences (Tukey, P < 0.05).
( 1 ): The information presented here corresponds to untransformed data.
Thus, at 5,000 plants per hectare, 16.8 % of the total foliar area of the experimental units is lost due to insect damage; this damage level is significantly superior to that found at the highest plantation density. The modeling strategy used to estimate the foliar area lost due to insect damage seems to be reliable (table 3). All the estimators obtained for the six fitted models are significant and emulate the tendency of the observed data (figure 2). Even though the experimental plots were recently established, plantation density already has apparent effects on the height-D relationship; Table 3 . Parameter estimates for the six fitted models developed to estimate foliar area loss due to debarking caused by Ectinogonia buquetti on Eucalyptus camaldulensis.
Parámetros estimados para los seis modelos ajustados para estimar pérdida de área foliar debido al descortezado causado por Ectinogonia buquetti en Eucalyptus camaldulensis.
Dependent variable
Regression parameters n the estimators of this relationship differ clearly between the density of 10,000 plants per hectare and the other two densities which are basically the same (table 3) .
DISCUSSION
Globally, forest plantations have become a significant supply of timber products (Thomas et al. 2009 ). Eucalyptus has become one of the most planted genera, as a result of their high rates of productivity and their adaptability to many different sites and climatic conditions. Such capabilities make eucalypts a prime candidate for energy production, primarily focusing on increasing yield through short rotation crops (Mead 2005) . In these crops, productivity losses as a result of attack of insects could be significant. Reduction in productivity in Eucalyptus spp., as a result of insect damage has been measured in Australia, where many native insects attack Eucalyptus spp. plantations (Jordan et al. 2002 , Rapley et al. 2009 ). However, increasing outbreaks of pest insects are a threat to eucalyptus plantations in many countries outside Australia (Wingfield et al. 2008) . Kulman (1971) , in a review on the effect of insect defoliation on growth and mortality of trees, concluded that insect damage resulted in mortality, growth loss, rotation delays and increased tree susceptibility to other insect pests and diseases. Insect damage to shoots and branches can also lead to subsequent defects in the trunk that reduce merchantability in trees grown for saw lumber (Alfaro 1989) .
Although it is certain that debarking caused by Ectinogonia buquetti did not produce plant death, it did result in an important decrease in foliar surface area. The estimations presented here indicate that between 11.6 % and 28.6 % of photosynthetic leaf area will be lost on average due to ring-debarking caused by the insect during the first year after plantation establishment; which causes a decrease of between 3.5% and 18.0% of the total foliar area in the experimental units. Most likely, the damage caused by this insect will directly affect the biomass accumulation rate of the trees affected. The magnitude of this effect is still unknown; therefore we recommend the monitoring of affected trees over time in order to describe the decrease in biomass yield in comparison to unaffected trees.
In three year old Eucalyptus globulus plantations, Pinkard et al. (2006) found that 20 % of tree defoliation caused by Gonipterus scutellatus resulted in significant reductions in the diameter growth 12 months after defoliation. Growth impacts should also be related not just to the level of defoliation but also to the location and timing of defoliation. Pinkard (2002) , for Eucalyptus nitens and Pinkard et al. (2006) , working on Eucalyptus globulus found that top of crown defoliation has a more severe impact on growth than the lower crown defoliation; early season defoliation has less impact than that presented by late season for Eucalyptus regnans (Candy 2000) .
Apparently, there is an environmental effect on both the frequency of damaged trees as well as the proportion of foliar area lost at the experimental unit level, which is evidenced by a significant effect of blocks. The wind protected and more humid block, and probably with more healthy trees, was the one with the lowest damage by Ectinogonia buquetti. Coinciding with the results observed in the analysis of plantation density; the higher the attack frequency, the more significant the damage produced by the insect at the tree level. There is no evidence of interaction between block and plantation density, therefore the effects of both factors are additive.
However, Régolini et al. (2014) found that there is no effect between tree density and the probability of attack of Thaumetopoea pityocampa on pure stands of Pinus pinaster between four and 61 years of age. These authors found that trees were more likely to be affected on edge plots than on inner plots, and the chance of attack increases with tree diameter; suggesting that taller trees were more likely to be attacked than smaller ones.
In this study, and during site preparation and trials establishment, the adult insects were found in the field. However, adult insects were detected at native forest fragments in ravines, using exotic plantations to feed and reproduce. According to Régolini et al. (2014) , it is probable that feeding resources (Eucalyptus camaldulensis trees) were abundant enough regarding Ectinogonia buquetti population, ensuring that females were able to find suitable habitats throughout the landscape. However, these assumptions could not be tested with data collected in this study, but may allow the design of future research in this area.
Insect outbreak rarely affects all trees within a plot, resulting in a non-uniform or more heterogeneous plot. According to (Binkley et al. 2002) this will affect productivity by increasing intra-specific competition, reducing tree size class distribution, increasing mortality and affecting site resource use efficiency.
This study provides new evidence supporting the hypothesis that Ectinogonia buquetti attacks on individual trees result from mechanisms acting at two different scales. At the plot scale, there was a positive relationship between the percentage of infested trees and stocking. At the individual tree scale, the probability of attack is higher in trees located inside wind-protected areas and in wetter plots. These new findings will help to improve the monitoring of Ectinogonia buquetti at a time at which this species is spreading rapidly to new forest areas.
